ABSTRACT. Semiempirical AM1 and INDO/CIS methods were used to study the structures and spectroscopy of hydrogen bonded complexes formed by the oligophenyleneethynylene (monomer A) with isophthalic acid (monomer B). The binding energies of the complexes are lowered by increasing electron-donating abilities of the substituents near the hydrogen bonds on monomer A. The first absorptions in the electronic spectra and the vibration frequencies of the N-H bonds in the IR spectra for the complexes are both red-shifted compared with those of the monomers. The presence of dimethylsulfoxide (DMSO) can reduce the binding energy of the complex through hydrogen bonding. This results in a blue-shift for the first absorption in the electronic spectrum and redshift for the vibration frequencies of the N-H bonds in the IR spectrum of the complex.
INTRODUCTION
Hydrogen bonding plays an important role in nature [1] [2] [3] [4] [5] , especially in the biological materials and life processes related to DNA and drug design [6, 7] . It is also significant in study on the different solvent environments in the living organism [8] . Thus hydrogen bonding is applied in many ways such as synthesis of polymers, self-assembly of functional materials, drug design and crystal engineering. Quadruple hydrogen bonds occur extensively in dimer of specific structures like dendronized dimers bearing oligoether dendrons and a dimeric 2-ureido-4-pyrimidinone [1] . A strong quadruple hydrogen bonding complex based on the ureidosubstituted cytosine moiety has potential for the construction of superamolecular arrays. The hydrogen bonding of cytosine and guanidine modules can be explored to generate novel superamolecular architectures [2] . Furthermore, hydrogen bonding interactions are expected to be the strongest and most persistent of the intermolecular interactions in organic crystal engineering [3] . They are used as the principal means to control molecular self-assembly during crystallization. The strong directing capabilities of hydrogen bonds are utilized to organize individual molecules into supramolecular aggregates that have well-defined structures. These aggregates often have unique chemical and physical properties due to the collective behavior of these weakly bound molecules [4] . Meanwhile, hydrogen bonds are also employed as an effective path for the self-assembly [5] and molecular recognition just as in the complexes formed by vacomycin with small molecules. The mechanical properties of these complexes can be improved, which is very important in drug delivery and tissue engineering [6] . On the other hand, modulating the hydrogen-bonding strength with proper substituents on a hydrogen donor and acceptor can be a very useful strategy in drug design [7] .
In addition, the polar solvent DMSO affects hydrogen bonds, significantly. DMSO combines with the donor monomer via hydrogen bonding, thus inhibits the interaction between the donor and acceptor monomers. DMSO is also widely used in NMR spectra as an aprotic and polar solvent. Its oxygen atoms are easily involved in strong hydrogen bonding interactions with the acidic protons of solute molecules. DMSO often withdraws the electron density from the hydrogen atoms through the hydrogen bonding; therefore, these protons signals are shifted downfield [8] .
Besides NMR spectra [2, 3, 8] , UV and IR spectra can also be used to characterize the formation of hydrogen-bonding complexes. Unlike the quadruple donor-donor-acceptoracceptor (DDAA) hydrogen bonding in the complex [2] , acceptor-donor-donor-acceptor (ADDA) quadruple hydrogen bonds are included in the complexes formed by the oligophenyleneethynylene derivative with isophthalic acid. The effects of polar solvents upon association constants of the above complexes have been studied experimentally [9] . But the effects of substituents on the monomers on the stabilities and spectroscopy of the complexes have not yet been reported. Following the experimental synthesis described by Bielawaski et al. [9] , we have carried out calculations on a series of complexes of substituted oligophenyleneethynylene derivatives with isophthalic acid, in order to examine the influence of substituents on their stabilities. The electronic structures and spectroscopic regularities for the complexes are explored and predicted.
EXPERIMENTAL
The binding energy ∆E of a complex is equal to the total energy of the complex minus the energies of the two monomers [7, [10] [11] [12] [13] . Oligophenyleneethynylene (monomer A), isophthalic acid (monomer B) and complex 1 formed by them are optimized using the AM1 method [14] . Complexes 2-10 are designed through changing the substituents and their positions on the monomers (shown in Figure 1 ). Complexes 11-12 are formed by introducing one mole or two moles of DMSO near monomer B above complex 1. The binding energies of complexes 11 and 12 are defined as the total energy of the complexes minus the energies of the two monomers and DMSO existing independently. These complexes are also optimized with the AM1 method. Based on the AM1 optimized geometries, the electronic spectra of the complexes are computed employing the INDO/CIS method as in the ZINDO program without any adjustment of the parameters [15] [16] [17] . One hundred and ninety-seven configurations including the ground state are generated by exciting electrons from the 14 highest occupied molecular orbits (HOMO) into the 14 lowest unoccupied molecular orbits (LUMO). Finally, the IR frequencies and intensities of the complexes are calculated utilizing the AM1 method in GAUSSIAN 03 program [18] .
RESULTS AND DISCUSSION

The configurations and stabilities
The binding energies for the complexes are presented in Table 1 . The binding energy of complex 1 is 34.96 kJ·mol -1 , compatible with the experimental binding energy -29 kJ·mol -1 of the complex formed by methanol and water [19] . The calculated binding energy of a single hydrogen bond on the average in complex 1 is 8.74 kJ·mol -1 , which is identical to 8.90 kJ·mol -1 of the complex formed by the amide and furan acceptor calculated at the B3LYP/6-31G ** level [7] . In complexes 2, 3 and 4, the group -NH 2 is added to the different locations on monomer B. The presence of -NH 2 results in the complicated chemical environment of H(47) and O(46), H(48) and O(43) on monomer B. The increase of electron density on these atoms cannot be simply described using the effect of the ortho-, meta-and para-positions. Monomer B is not only the proton donor, but also the proton acceptor; therefore, the binding energies of complexes 2, 3 and 4 are resulted from the comprehensive effect of the quadruple hydrogen bonding.
The binding energies of complexes 5-9 are decreased gradually. The electron density on N(23) or N(24) on monomer A is enhanced since the substituents R 4 possess the increasing electron-donating abilities. Then the N(23)-H(34) and N(24)-H(25) bonds are intensified, and the hydrogen bonds H(25)…O(46) and H(34)…O(43) are weakened. Therefore the increasing electron-donating abilities of the substituents R 4 reduce stabilities of the complexes. Although the steric effects of the substituents R 4 become large, the electron-donating effects still play important role in the stabilities of the complexes. This is supported by the experimental result that the steric size of the dendrons does not exhibit a significant effect on their dimerization behavior of pyrimidinone [1] . On the contrary, the binding energy of complex 10 is the biggest, which is aroused by the large steric effect of -C(CH 3 ) 3 . The experiment also shows that the dimerization of pyrimidinone is not hindered by the largest dendron located at R 4 position, and the binding constant of the dimer bearing the group -C(CH 3 ) 3 is 6 x 10 7 M -1
, bigger than the others [1] . In complex 11, DMSO is parallel with the plane located by monomer B, just as in the complex formed by barbituric acid with DMSO [8] . The plane of monomer B becomes almost perpendicular to that of monomer A due to its geometric rotation driven by the hydrogen bonding between DMSO and monomer B, shown in Figure 2 (50) is formed. The binding energy of complex 11 is less than that of complex 1 because the number of the hydrogen bonds in complex 11 is decreased in the presence of one mole of DMSO. This is in agreement with the experimental result that the association constant of the complex formed by the oligophenyleneethynylene derivative with the isophthalic acid is reduced due to the presence of DMSO [9] . The binding energy of complex 12 is larger than that of complex 11. There are two new hydrogen bonds H(47)…O(50) and H(48)…O(60) between DMSO and monomer B in complex 12 (Figure 2b) . The interaction between DMSO and monomer B is arisen from hydrogen bonding, which is similar to that reported in the reference [8] . Thus the presence of DMSO changes the relative position and reduces the hydrogen bonds between the two monomers.
(a) (b) Figure 2 . The optimized geometries of complexes 11(a) and 12(b).
The electronic structures
The HOMO and LUMO energies of complex 1 are -8.61 and -0.77 eV, respectively. Its LUMO-HOMO energy gap is 7.85 eV, less than those of monomers A and B (7.95 and 9.56 eV). The HOMO and LUMO energies of complex 5 are -8.09 and -0.90 eV, and the energy gap is 7.19 eV. The difference among the energy gaps of the other complexes is not very big according to the calculation, but these energy gaps are all less than those of the monomers (Figure 3 ). The properties of the frontier orbits in the complexes are changed due to the hydrogen bonding between monomers A and B, which alters the energy gaps of the complexes. The energy gaps of complexes 11 and 12 (7.89 and 7.91 eV) are both larger than that of complex 1, indicating that the complexes are stabilized due to the presence of DMSO. The dipole moment of complex 1 is 1.27 x 10 -30 cm, less than those of complexes 6-10 (4.39, 4.03, 3.67, 3.73 and 5.09 x 10 -30 cm). This is resulted from the presence of -NR 2 in theses complexes and the separation of the centers between the positive and negative charges. The net charges of monomers A, B and DMSO in complex 11 are -0.008, 0.001 and 0.006, thus the electrons flow from monomer B to A at the presence of DMSO. The net charges of monomers A, B and DMSO in complex 12 are -0.008, -0.010 and 0.017, then the electrons are transferred from DMSO to monomers A and B. It is proved that DMSO behaves as an electron donator with the formation of the complexes. This is caused by the electron-donating abilities of the methyl groups and the deformability of the sulfur atom in DMSO.
The electronic absorption spectra
The strongest absorption at 299.1 nm of monomer A is compatible with the experiment [9] . The first absorption peak of complex 1 is computed at 317.8 nm (Figure 4) . The first absorptions of complexes 4 and 10 appear at 322.4 and 318.7 nm, respectively, which are red-shifted in comparison with that of complex 1 owing to their less energy gaps. Compared with complex 1, complex 4 had more absorption peaks in the range of 213-271 nm. This broadening of the bands is a consequence of the formation of the hydrogen bonding and the decrease of the symmetry. The first absorptions (318.9, 318.6, 318.6, 318.5 and 318.9 nm) of complexes 6-10 ( Table 2) are little changed. The change from the atom H on -NH 2 in monomer A to the methyl, ethyl, propyl, butyl and isobutyl groups, respectively, leads to the less impact on the first UV peaks of the complexes. The basic skeletons of the complexes are kept unchanged.
The first absorption of complex 2 is calculated at 316.5 nm, which is mainly generated by the electronic transition from occupied orbital (91) to virtual orbital (95). The first absorption peaks at 316.5 and 314.5 nm of complexes 2 and 3 are blue-shifted, relative to that of complex 1, while the first peak at 346.8 nm of complex 5 are red-shifted. The first absorptions in the electronic spectra of the complexes are greatly affected by the substituting sites of the group -NH 2 on monomer A.
The first band of complex 11 is computed to be at 312.2 nm, which is blue-shifted compared with that of complex 1. The decrease of the hydrogen bonds between monomers A and B in complex 11 at the presence of DMSO results in the less overlap of electron cloud. Thus the conjugated system becomes less. 
The IR spectra
The first high-frequency absorption peak of complex 1 appears at 3333.9 cm 
CONCLUSION
The electron-donating substituents R 4 of moderate size on monomer A are unfavorable to the stabilities of the complexes. The presence of DMSO results in the departure of monomer B from the original plane of monomer A. The LUMO-HOMO energy gaps of the complexes are less than those of the monomers, while the energy gap is increased due to the presence of DMSO. The electron-donating abilities of the methyl groups and the deformability of the sulfur atom in DMSO lead to the electron-donating character of DMSO in the complex. The first absorption in the electronic spectrum of the complex is blue-shifted in the presence of DMSO because the number of the hydrogen bonds in the complex is decreased and the conjugated system becomes less. The IR stretching vibrations of the N-H bonds on monomer A in the complex are weakened owing to the formation of the hydrogen bonding between DMSO and monomer B.
